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BACKGROUND
The dry deck shelter (DDS) is a three-compartment unit, which can be mated to a submarine for operations. These three compartments, the hanger, transfer trunk, and chamber, are described below.
(1) Hanger: With a dry volume = 1400 ft 3 , it is the largest of the three compartments. It has a large hatch at the aft end, which allows for the ingress and egress of the divers and their equipment. The hanger can be pressurized independently and flooded with water to various depths.
(2) Transfer Trunk: Connected at the aft end to the hanger, the trunk is mated to the submarine.
Transfer of men and equipment between the submarine and the DDS is through a hatch in the floor, and may need to be done when the hanger is flooded and open to the sea. Since the submarine is maintained at a pressure of 1 atmosphere absolute (ATA), the trunk is often cycled between the dry (1 ATA) state of the submarine and the wet (pressurized) state of the hanger. Its pressurization and flood capabilities are the same as the hanger.
(3) Chamber: The chamber is attached to the forward end of the trunk. It is outfitted for DCS treatment and can be independently pressurized to any depth required for treatment.
During operations, varying numbers of divers are present in the compartments, each producing CO 2 and consuming 02. It is especially important to control the level of CO 2 in the trunk, where there may be 7 or 8 divers breathing in a 50-100 ft 3 air space (when the trunk is flooded). Since the level of CO 2 is not currently measured, this control is accomplished by periodically venting the compartment. Air from the submarine air banks is let into the compartment at the same time as air is being bled out, back into the submarine. This procedure is apparently effective, but has two drawbacks: it requires a large amount of air and is very noisy.
The former makes keeping the air banks charged difficult and the latter hinders communication within the DDS. For both reasons, it is desirable to minimize the amount of venting required.
We will derive the equations that describe the amount of CO 2 within a compartment and then apply those equations to the problem of periodic ventilation of a closed compartment.
Finally, we will compare the predictions of the equations with some measurements of CO 2 levels in a DDS from actual Fleet operations.
DERIVATION
We will calculate the partial pressure of CO 2 in a given compartment by determining the number of moles of CO 2 in the compartment, assuming that the ideal gas law holds. The DDS is operated to depths of 165 feet of seawater (fsw), allowing for a maximum gas pressure of 6 ATA.
This is within the range of validity of the ideal gas law. If we assume that the respiratory quotient is unity, then each mole of 02 used by a diver leads to the release of a mole of CO 2 . Thus, the only change in the total number of gas molecules in the compartment is due to the flow of air into or out of the compartment.
where ntot is the total number of moles of gas in the compartment, and Fin and Four are the the number of moles per second flowing into or out of the compartment, respectively. The net flow into the compartment is F.
Carbon dioxide levels in a compartment change due to three different mechanisms:
introduction, production, or elimination. Carbon dioxide is introduced by the inflowing air from the submarine air banks, which contain air with an upper limit of 1250 ppm CO 2 (the submarine is usually ventilated using surface air before the air banks are pressurized, so the actual CO 2 concentration is often substantially below this level where nc02 is the number of moles of CO 2 in the compartment, Cin is the mole fraction of CO 2 in the inflowing gas, Ndiver is the number of divers in the compartment, A is the average rate of production of CO 2 by a diver (in moles per second), and the ratio nco2/ntot is the mole fraction of CO 2 in the gas in the compartment. This final term implies that the gas in the compartment is well-mixed.
There are four cases of interest (Some sub-categories may also be explored below). In order to simplify the discussion below, we make the following definitions:
The above equations then become
+B-t dt where x 1 o 0 and x 20 are the initial values of x, and x 2 , respectively. Thus, the total number of moles of gas is constant and the number of moles of CO 2 increases linearly in time. Since Fin = 0, the rate of increase of CO 2 depends only upon the number of divers and their rate of CO 2 production (B = Ndiver*A).
Thus, with only inflowing gas both the total number of moles of gas and the number of moles of CO 2 increase linearly as a function of time.
Case c) Four > 0,
This is the case where the compartment is being ventilated. Thus the mole fraction of CO 2 in the compartment exponentially approaches the ratio B/C, where
The higher the rates of production and introduction relative to elimination, the higher the
We can solve this equation for x 2 by changing variables. First, let t' = x 1 o + F*t, so that dt' = F*dt, and 
dt' dv t-B'-(1+C).v
Consider two cases, Fin = 0 and Fin > 0.
Subcase dl)
Substituting for v and t'from above yields
At time t = 0, x 2 = X 20 , so that
where Do is a constant of integration. Substituting in v = x2/t' and rearranging gives 
where B = Ncdver*A + Cin*Fin . Note that this case corresponds to the simultaneous venting of the chamber while the pressure is changing (assuming that the volume of the compartment is fixed).
The partial pressure of CO 2 can now be determined using the ideal gas law
where Rg is the gas constant, T is the absolute temperature, and V is the gas volume.
VENTING
During operations, venting usually takes place when other factors, Ndijver , V, and P (total gas pressure), are being held constant. Thus, between vents, when there is no flow into or out of the compartment, Case a) above describes the buildup of CO 2 in the compartment. During venting, the inflow and outflow are balanced (constant P), and Case c) applies. Ventilation occurs periodically, repeating after time tcyle, with ventilation lasting for time tvent. Define 
We can determine the asymptotic value for this expression by letting the number of cycles go to infinity. Because E < 1, a' = E5 -40, and
the difference between these two is simply H = Ndiver*A*(tcycie -tvent), which is the amount of CO 2 produced by the divers during the nonventing period.
Using this expression for x 2 ,'° , and assuming we know the upper limit of Also included are sample input and output files, and some comparisons to data from actual DDS operations. Note that this program has been designed to be used only for the transfer trunk, since this compartment is the one for which the most detailed operational data is available.
10 APPENDIX A. Source code for program TABLE.FOR cccccccccccccccccCcccccccccccccccccccccccccccccccccccccccccccccccccccccc cThis program will generate DDS venting tables for the four cdifferent areas of the DDS; the hanger, the bubble, the trunk, cand the chamber. It is assumed that the air in each of these ccompartments is well mixed. It is further assumed that the trunk cis half flooded, gas space volume = 120 cubic feet, the hanger cis unflooded during venting, gas space volume = 1400 cu ft, the cbubble is half flooded, gas space volume = 120 cu ft, and that cthe chamber is unflooded, gas space volume = 170 cu ft. (j,(imnin(1,j) ,isec(1,j),l= 1,4),j=l1,jmax) 200
format (20(2x,i3,5x,4(i3,2h' ,i2, 1h",5x) 2'34" 3' 3" 6' 3" 13 6'58" 2'46" 3'18" 6'28" 14 7'25" 2' 59" 3'33" 6'53" 15 7'52" 3'12" 3'47" 7' 16" 16 8'18" 3'24" 4' 1" 7'39" 17 8'43" 3'36" 4'15" 7'60" 18 9' 7" 3'48" 4'29" 8'20" 19 9'30" 3'60" 4'42" 8'40" 20 9' 52" 4' 12" 4' 56" 8' 58" Hanger, water 0.dO, 0.dO, 0.dO, 4, 0,  4.dO, 0.dO, 0.dO, 4, 1 ,  5.18d0, 0.dO, 0.dO, 4, 0 read (1 ,*) nnode ! number of nodes in profile read (1,*) a oxygen consumption rate read (1,*) cm ! concentration co2 in ppmn in venting gas read(l 1, 1)tmin(i),fsw(i),dwater(i),ndiver(i),ivent(i) End of sample input file MODEL.INP The next several pages include an actual input data file (TM071797.INP) that was used for the program MODEL.FOR, the data sheets from which the input file was derived, the ouput file (T0071797.OUT), and a plot of the calculated CO 2 levels along with the values measured using the CO 2 analyzer. This particular data set was chosen due to its richness. The person recording the data did an excellent job, especially in recording the duration of the venting periods. Note that there are several uncertainties in the data: (1) The depth of water in the trunk is an estimate, (2) the total volume of the unflooded trunk is estimated and does not take into account the space taken up by personnel or equipment that is being transfered, (all of which lead to uncertainty in the gas volume), and (3) the concentration of CO 2 in the venting gas is unknown. For this particular input file, CO 2 was assumed to be present at a very low level of 10 ppm. 
